'l'he mechanism by w hich the chemical energy that is released upon the hydrolysis of A1'P is converted into other forms of energy or work. such as nwchimical \\ark in muscle contraction and osmotic \+ ork in active transport, remains one of the most interesting and challenging problems in biology. Some of these processes work with high efficiency and are even reversible, ;IS in active transport by the proton pump of oxidative phosphorylation and the calcium pump of sarcoplasmic reticulum vesicles. Currently, ;I great challenge is the elucidation of the mec.hanism of 'coupling' that converts the energy from the chemical reaction of ATP hydrolysis (or synthehis) into the movement of a muscle or an ion, or into another vectorial processes [ 11.
However, progress in this field has been slowed by semantics: there are two very different meanings for the term 'coupling'. Coupling often refers to the relationship between changes in Gibbs energy for two processes, as in the coupling of binding energies for two substrates to an enzyme that exhibits positive co-operativity. 'Coupling' is also used to describe the relationship between two processes, as in the hydrolysis of ATP that is coupled to the movement of muscle, or the transport of ions across a membrane; these are 'coupled vectorial processes'. Both kinds of coupling are essential for the operation of a coupled vectorial process, but it is important to distinguish between them because their roles are very different.
Coupling of binding energies is utilized in order to avoid wide discrepancies in the Gibbs energies of different steps of a reaction under physiological conditions. Such differences in energy would result in large kinetic barriers for a reaction or wasteful expenditure of the Gibbs energy that is potentially available from the hydrolysis of A'TP. Thus. the hydrolysis of A'I'P at the active site of myosin, and of an acyl phosphate in the calcium A'l'I'ase of sarcoplasmic reticulum, is reversible.
'I'he energy from ATI' hydrolysis is released only when the products dissociate from the enzyme, usually after movement has occurred, so that the movement can be driven by the full amount of the energy that is released from A'I'P hydrolysis [ 1, 2 1. W e would like to elucidate what it is that is responsible for the coupling of ATP hydrolysis and synthesis to the reversible transport of two Ca'+ ions across the sarcoplasmic reticulum membrane in the two directions. Where is the coupling bet\veen the chemical reaction of A'I'P hydrolysis or synthesis and the vectorial reaction of calcium transport into or out of the vesicle?
It is sometimes suggested that there is some 'step' in which coupling occurs. This is not correct for the calcium ATI'ase of sarcoplasmic reticulum and for most other coupled systems. 'I'he coupling between the chemical reaction of ATP hydrolysis or synthesis and the transport of two Ca'+ ions is brought about by changes in the chemical and vectorial specilicity of the partial reactions that are catalyzed by the enzyme.
The calcium A'l'l'ase is remarkable in that the specificity for catalysis changes in different states of the enzyme. In general, the coupling of ATP hydrolysis t o work is defined by specificities of the enzyme for catalysis in different states of the system and by specificities for movement, such as binding of calcium to one or the other side of the membrane, in different states of the system. These specificities for catalysis by the enzymes that catalyze coupled vectorial reactions change in different states of the system, so that a reaction that occurs rapidly in one state occurs at a negligible rate in another state. For example, hydrolysis of the phosphoenzyme form of the calcium ATPase of sarcoplasmic reticulum occurs very slowly when calcium ions are bound t o the transport sites, but becomes rapid ( k = -100 s-I) when the calcium has been released from the enzyme. T h u s , an understanding of the mechanism of coupling requires characterization of these changes in specificity and the way that they are brought about [ 1 I.
The changes in chemical and vectorial specificity that are responsible for the coupling of A W hydrolysis to the transport of two calcium ions into the sarcoplasmic reticulum vesicle by the calcium ATPase can be described by the simple box of reactions shown in Fig. 1 , which was described by Makinose in 1973 [ 3, 41. I he ctiernical specificity for catalysis is controlled by the presence or absence of bound Ca'+ : E(.,,, (where E = enzyme) is phosphorylated rapidly and reversibly by ATP, while E is phosphorylated reversibly by inorganic phosphate.
The vectorial specificity is controlled by the any one of the rules is violated, the system will be completely uncoupled. ATI' will undergo hydrolysis and <'a'+ mill leak out of the vesicle. This scheme does m hat it is supposed t o do. Each passage through the cycle in a clockwise direction results in the hydrolysis of one molecule of A'I'P t o A1)P and 1' , and the transport of two Ca!+ ions ' from the cytoplasm to the lumen of the sarcoplasmic reticulum vesicle. All of these reactions are reversible, so that the efflux of t w o Ca'+ ions from the vesicle t o the medium is coupled to the synthesis o f one molecule of ATP from AI)P and I>,.
The transport of calcium
We mould like t o understand hov calcium gets from one side of the enzyme to the other. It must pass through some sort of gated channel that connects the two sides of the membrane. The sirnplest mechanism for this vectorial transport is that there is one pair of binding sites for calcium, and that two calcium ions can bind and dissociate from the cytoplasm when the gate is open t o the cytoplasm, in the free enzyme, and can bind and dissociate at the lumenal side of the membrane when the gate is open t o the lumen, in the phosphoenzyme (Fig. 2) . It is well known that phosphoenzyme is formed rapidly upon the addition of inorganic phosphate and Mg" t o the enzyme, and that Ca'+ will bind t o this pl,ospt,oeIm"im,e from the lumen to form the activated phosphoenzyme, E -"'"R3 which reacts rapidly with AI)P to form ATP ( Fig.   1) [ 7-OI. If the scheme shown below (1) IS ' correct, a sufficiently high concentration of lumenal calcium will bind to the phosphoenzyme and will convert all of the enzyme to (.,,, . E -" ' \ ' g , even if the concentrations o f Mg'+ and P, are subsaturating. different limiting concentrations of (~~~,.E-"""g in the presence of different concentrations of Mg' +. This result shows that increasing the Concentration of calcium at subsaturating concentrations of Mg'+ and P, does not force all of the enzyme into the species (..,,.I.: , as would be required by the mechanism of Scheme 1. 'I'he lurnenal CaL+ ions can bind to the free enzyme. with the equilibrium constant K,, (Scheme Z), instead of to the phosphoenzyme. This result requires that there must be a binding site for lumenal calcium on the free enzyme; this binding site provides an alternative to the binding of calcium to the phosphoenzyme (Scheme 2).
We must consider the possibility that there is only one pair of c;ilcium-binding sites and that these sites can bind calcium from either side of the membrane, depending upon the state of phosphorylation of the enzynme. 1 lowever, they cannot bind calcium from one side and dissociate calcium from the other side of the free enzyme because this would result in rapid leakage of CaL+ from loaded vesicles.
The possibility that there is only one pair of binding sites for calcium was tested by measuring the binding of Cal+ at equilibrium at the high- showed that there is 1 1 0 detectable effect of the concentration of lumenal calcium on the binding of calcium to the cytoplasmic binding sites. Therefore, there must be two pairs of calcium-binding sites in the free enzyme: one pair is exposed to the cytoplasmic surface, and the other to the lumenal surface of the vesicle.
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The E,-E, and related models
The development of an understanding of the mechanism of a coupled vectorial process requires the formulation and testing of models for the coupled reaction. 7Ime E, -R1 and related models have played an important role in stimulating experiments and in the development of our present understanding of the properties of the calcium ATPase and related enzymes [ 121. I Iowever, models can inhibit the development of understanding if they are mistaken for experimental results. We have argued that the E,-E, model and related models ;ire misleading, inconsistent with known properties of these enzymes and should be abandoned I 13 I.
According to most of these models there is a single conformational change of the enzyme, from one conformation that binds and dissociates calcium at one side of the membrane to another conforination that binds and dissociates it on the other side. This cannot happen with any single chemical species of the enzyme; if it did happen, Ca'+ would bind to sites on one side of the membrane and dissociate from sites on the other side. This would allow leakage of calcium across the membrane w ithout coupling to the hydrolysis or synthesis of ATI'. The chemical and vectorial reactions must be coupled in such a way that neither process can occur unless the other also occurs.
'I'his is brought about by a series of different conformational changes that are coupled to the different chemical steps of the reaction in a sequence that alternates chemical and vectorial steps (Fig. 1) . It is very likely that there is a conformational change in every step of the reaction. which is not surprising for an enzyme that is designed t o bring about movement.
One example of such a change in specificity and conformation arises from the binding of Ca'+ to the enzyme. The free enzyme catalyses the reversible reaction of inorganic phosphate (PI) with a carboxylate group in the active site to form phosphoenzyme and water; it does not react with ATP. However, the enzyme with bound calcium catalyses the phosphorylation of this carboxylate group by A'I'P to form phosphoenzyme and ADP. The species 'E(,t does not react with PI and free E does not react with ATI'.
An enzyme that was examined with SrL+ instead of CaL+ at the transport site has shown very similar behavior. Ilowever, SrL+ binds to the enzyme with negative cooperativity instead of the strong positive cooperativity that is observed with Ca' +, so that it is possible to examine the properties of the enzyme with a single SrL+ ion bound to the transport site. This species, ESr, is similar to 'E(*! in that it does not react with P,, but The dissociation of one of the two Val+ ions is sufficient to prevent phosphorylation by A'I'I'. which is consistent with the behaviour of Sr'+ that was noted above 11 11. This indicates that there is a conformational change that causes this ch;inge in specificity for catalysis Lvhen one Calf ion dissociates from the enzyme. 'I'here is a second change in conformation on binding or dissociation of the inner CaL+ that is responsible for the positive cooperativity of calcium binding. ;is well as for the change in specificity for catalysis.
The two CaL+ ions of (.~i,.E-''''g dissociate from the low-affinity sites on the lumenal side of the membrane and the enzyme becomes insensitive to a quench with ADP and ECTA with a first-order rate constant of 30 s -' (Scheme 4).
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In contrast to the dissociation from %,.',:, the same rate constant is observed with empty vesicles and with vesicles filled with 20 msi CaL+, and the same first-order rate constant is observed for both Ca" ions when one of them is selectively labelled in I hese and other results suggest that it is import;!nt to understmid \ \ h i t happens in the indi-\ d u a l steps of the reaction in order to elucidate the mech;inisin of c;ilcium transport by the sarcopl;ismic reticulum Arl'l'ase, as well as other reactions in \vhich the hydrolysis of A'I'P is coupled t o niovenient. It is difficult t o obtiiin structural information for many of' these systems because most nwnibrane proteins do not readily form crystals suitiible tor S-r;i!. diffraction. I Io\vever. ;I consider-;ihle iiniount can he Ir;irned ;ilx)ut the functioning of these systems from examination of the individual steps o f tlic reaction. and this information \vill be needed in order t o interpret the mech;inisni of ;iction of ;i coupled vectorial process \vhen the strtic*trire of the enzynie is kno\vn.
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